Background
Introduction
Measles mortality dropped globally from 733,000 deaths in 2000 to 164,000 in 2008 [1] . An estimated 13.8 million deaths were avoided between 2000 and 2012 because of measles vaccinations [2] . These great gains have led the World Health Organization to target measles for elimination [3, 4] .
In the Americas, recent outbreaks of measles, which is generally imported from other countries, have attracted media and popular attention [5, 6] . Many children are not immunized, leaving them at risk for contracting the disease. Measles vaccinations remain a key public health measure in the fight against infectious disease in the Americas.
In this study, we assess the presence of missed opportunities to vaccinate using a large household survey in Mesoamerica. We estimate the potential increase in immunization coverage and reduction in days at risk for children aged 11-59 months if every opportunity to vaccinate a child was taken advantage of.
Methods

Study design and participants
The data presented were collected as part of the baseline evaluation for Salud Mesoamérica 2015 (SM2015), an initiative established to address the health issues faced by the poorest quintile of the population in El Salvador, Guatemala, Honduras, Nicaragua, Belize, Costa Rica, Panama, and Mexico. In target areas of each country, surveys were conducted in households and health facilities. Censuses were conducted within each selected primary sampling unit, a segment of approximately 150 households, to identify households with women aged 15-49 years and children under 5 years old. Among eligible households, a randomly selected subset was chosen for the SM2015 Household Survey.
The household survey had three components. A household questionnaire captured information on assets, wealth, and characteristics of the home. Each woman aged 15-49 years was asked to complete a maternal health questionnaire that captured demographic, health behavior, and reproductive health information. Caregivers were asked to complete a child health questionnaire on health, diet, and vaccination history for children aged 0-59 months. Trained anthropometrists also conducted physical measurements and anemia tests for these children. SM2015 baseline surveys were conducted from March 1, 2011 to August 31, 2013. The data were collected using computer-assisted personal interview (CAPI) software by trained interviewers. Data were continuously monitored by the Institute for Health Metrics and Evaluation (IHME). All data were collected after obtaining informed consent. The field surveyors explained the purpose of this study to participants. Then, written informed consent was obtained from all study participants who agreed to participate prior to data collection. The study received approval from the University of Washington's Institutional Review Board (IRB), and in-country Ministry of Health IRBs, including approval for the procedure for obtaining and recording consent. We used Stata 12.1 and Stata 13.1 for the analyses and all estimates were computed using survey weights, unless otherwise noted. Additional details on SM2015 methodology and implementation are available in a capstone publication on SM2015 [7] .
Definitions
The age of each child was captured in months in the census and household survey (we did not receive the birth day of the children for confidentiality). In order to assess vaccination history, we converted months to days by multiplying reported age in months by 30.4 and adding 15.2 days. We wanted to be more conservative rather than assuming the child birth day is at the beginning or end of their age-month. We then added the number of days between the census survey and the household survey, at which up-to-date vaccination information was captured. This value of age in days was used to determine eligibility for vaccines and calculate time at risk.
Measles, mumps, and rubella (MMR) vaccination is required at 12 months of age in all countries in Mesoamerica. An estimation of MMR coverage was calculated using caregiver recall and vaccine card information. A child was considered compliant if they were 13 months of age or older at the time of the household survey, and they had at least one caregiver-reported or card-documented MMR dose. All children younger than 13 months were considered compliant for MMR. Basically, we gave a grace period of one month by not counting children aged less than 13 months at risk for vaccination. An estimate of card-only coverage was also calculated using the same approach above for card and recall. In order to account for vaccine timelines, we considered children who were vaccinated for MMR before age 11.5 months and did not receive another dose thereafter to be non-compliant since the vaccine was given before age 12 months. The required vaccines were similar in all countries with slight differences.
Children without a vaccination card were excluded from estimation of time at risk. A vaccine was counted as valid when given within 15.2 days of the recommended age in months or any time thereafter. MMR vaccination was valid if administered after age 11.5 months and considered as in the recommended interval if administered between 11.5 and 13.5 months. Children who received an early vaccine were considered at risk starting at the end of the recommended age interval. Days at risk were computed as the number of days from the end of the recommended vaccine interval until receipt of a vaccine. For children with no record of receipt of a vaccine or children who were vaccinated too early, days at risk were computed as their age at the time of the interview minus the date when the vaccine was recommended. This provides a conservative estimate of days at risk, because the number of days at risk for children unvaccinated at the time of interview would increase with time.
A child incurred a "missed opportunity" if their vaccination card indicated a vaccination visit after the recommended vaccine date, but MMR vaccine was not administered at that time. We defined potential coverage as the population vaccination coverage if vaccines were given at missed opportunity visits. Potential days at risk are the number of days that a child went without a vaccine, assuming that the child was caught up at his or her next vaccination visit following recommended vaccine age. Basically, we used the date of the receipt of the vaccine when given later or the time of the survey if the vaccine was not given.
The health facility typically visited for vaccination, as reported by the caregiver, was extracted from the survey and matched to health facilities in the SM2015 baseline Health Facility Survey. Facilities were categorized as providing child services based on the availability of MMR vaccine and stock of oral rehydration salts (ORS). Survey-weighted estimates of MMR coverage, according to the vaccine card, were calculated between children attending facilities with and without MMR and ORS in stock.
Statistical analyses
We used the χ 2 test of independence to compare children with and without a vaccine card by socio-demographic variables, stratified by country. The χ 2 test of independence was also used to compare children who were and were not covered for MMR according to their vaccination card, and children with and without missed opportunities for MMR by socio-demographic variables, stratified by country. Survey-weighted logistic regression was used to determine the association of socio-demographic characteristics with a child having a vaccination card, being covered for MMR according to their vaccination card, and having a missed opportunity for MMR vaccination. All logistic regressions were stratified by country. We used the Cox proportional hazards model to compute the hazard ratio associated with the reduction in days at risk, after accounting for missed opportunities, and to adjust for other known risk factors in two stages (first, with only country fixed effects, child sex, maternal education, and maternal age; second, with additional covariates) [8] . An unadjusted Kaplan-Meier estimation of time to vaccination was also computed. Responses of children who had not been vaccinated at the time of interview were treated as censored. In each model, indicator variables (0,1) were created to designate individual membership in discrete categories of each of the potential risk factors.
Socio-demographic characteristics were considered at the child, mother, and household level. Child characteristics include gender and categorical age in years. Characteristics of the child's mother include attained education level (no education, primary education, or secondary or higher education), literacy, age in years at the time of the survey, parity, employment status, and marital status. Household characteristics include household size, gender of the head of household, within-country household monthly expenditure quintile, asset index, and urban or rural locality.
Results
A total of 22,234 children aged 11-59 months in El Salvador, Guatemala, Honduras, Mexico, Nicaragua, and Panama had vaccination information. Of these, 18,868 had vaccination cards observed on the day of the survey. Table 1 compares child, maternal, and household characteristics of children with and without a vaccine card. The distribution of age, education, and wealth characteristics varies significantly between groups. Child age was an important predictor for having a vaccination card in most countries ( Table 2 . Child, maternal, and household characteristics associated with a child having a vaccine card † Table 3 shows a comparison of characteristics between children that were and were not covered for MMR according to their vaccine card. Child age, maternal education and employment, and household wealth have significantly different distributions between groups. However, when adjusting for all characteristics with regression, different patterns emerge among countries (Table 4) . In El Salvador, children aged 2 to 3 years were less likely to be covered than those aged 1 year, but children aged 4 years were much more likely (OR 2.095, 95% CI: 1.498-2.929) due to a required MMR booster at 48 months. In Guatemala, children of partnered women were more likely to be covered than those who were single. In Mexico, children from larger families were less likely to be covered, controlling for other factors. Children in Nicaragua were less likely to be covered for MMR if their head of household was female (OR 0.668, 95% CI: 0.500-0.893).
The coverage cascade of MMR immunization by country is shown in Table 5 . El Salvador had the highest proportion of children with a vaccine card (91.2%) while Nicaragua had the lowest (76.5%). Countries with low card coverage had more dramatic differences between coverage according to card and recall versus card-only coverage. When considering the timing of MMR vaccines, children in Mexico had an average of 483 days at risk after age 13.5 months; this was higher than the average in Panama (158 days) and Guatemala (187 days). If children were "caught up" with the vaccination scheme, the potential coverage of MMR in Panama could be 97.1% as compared to the 77.3% observed. Table 6 shows the distribution of child, maternal, and household characteristics between children with and without a missed opportunity for MMR vaccination, by country. Younger age groups were less likely to have a missed opportunity. After adjustment for potential confounders, younger children remained less likely to have a missed opportunity. In Panama, children from households in higher expenditure quintiles were more likely to have a missed opportunity than those from the poorest (OR 1.623, 95% CI: 1.064-2.475), accounting for other factors (Table 7) . In Nicaragua, compared to children of mothers with no education, children of mothers with primary education and secondary education were less likely to have a missed opportunity (OR 0.458, 95% CI: 0.239-0.878 and OR 0.251, 95% CI: 0.0965-0.652, respectively) ( Table 7) . In El Salvador, children of partnered women were more likely to have a missed opportunity than those with single mothers. Fig 1 shows the observed days to MMR vaccination compared to potential days to vaccination if children were caught up, between countries and among all countries. The greatest increase in vaccination over time occurred during the recommended vaccine interval; vaccination rates level off after children reach 2 years. Differentiation between observed and potential days to MMR vaccination was largely gained before the child is 2 years. The days at risk could be most reduced in Mexico if missed opportunities were avoided.
Cox proportional hazards models for MMR vaccination are shown in Table 8 . Country fixed effects remain significant in all models. Education was not significantly associated with days to MMR vaccination. MMR coverage of children attending health facilities by stocks of MMR and ORS are presented in Table 9 . When categorized in this way, MMR coverage did not vary in most countries. The exception was Mexico, where MMR coverage among children attending facilities with ORS (46.2%) was significantly higher than those without ORS in stock (22.5%). Table 4 . Child, maternal, and household characteristics associated with a child being covered for MMR † When we examined what vaccines were given during a visit with a MMR missed opportunity, the patterns varied by country. Oral polio vaccine had the highest percentage of vaccines given when MMR was not in El Salvador (46.7%), Guatemala (56.1%), and Nicaragua (44.4%). While hepatitis A accounted for 48.9% in Panama, pneumococcal for 32.9% in Mexico, and diphtheria, pertussis, and tetanus (DPT) for 41.0% in Honduras (S3 Table) . Moreover, MMR coverage would have increased by 38.5%, 30%, 24.2%, and 25.4% if no missed opportunity occurred in year 1, 2, 3, and 4, respectively.
Discussion
Our study, based on large surveys in poor areas of Mesoamerica, exposed high levels of missed opportunities to immunize children. Our finding is concerning, as it indicates that families are bringing their children to health facilities, but serious problems in current immunization practices and protocols exist in poor areas in Mesoamerica. Our study emphasizes the need for programs to ensure that vaccines are available and that health professionals use every opportunity to vaccinate a child.
Missed opportunities to vaccinate children during health care visits or the failure to administer needed vaccines during a visit lead to lower national vaccination coverage levels. Using all clinical encounters to screen for needed vaccines and, when indicated, to immunize has been recommended by medical and public health experts since 1992 [9] . However, one limitation of our study is that we calculated missed opportunities using only vaccination visits, as data on other health care visits were not available. Moreover, we do not have data on whether a mother or other relative brought a child to a clinic during health visits for the parent or a sibling. Using all visits as possibilities for vaccination would result in increased coverage in children and subsequently less morbidity and mortality.
The findings we report could be explained in a number of ways. First, missed opportunities could be a result of a shortage of vaccines; the MMR vaccine may simply not have been available on the day of the visit. Our findings call for more attention to the shortage of vaccines at health facilities. However, country-level shortages and problems with supplies and logistics are * Coverage for children 13.5-59 months. † Excluding children without vaccination cards. If the child has completed the number of required doses for age, they are considered compliant. ‡ Excluding children without vaccination cards. If the child has completed the number of required doses for age and not before the eligibility window, they are considered compliant.
doi:10.1371/journal.pone.0139680.t005 Table 6 . Descriptive characteristics comparing children with and without missed opportunities for MMR vaccine (% unless otherwise noted). n/a n/a n/a n/a n/a n/a 1 year Table 7 . Child, maternal, and household characteristics associated with a child having a missed opportunity for MMR vaccine † Second, reluctance to administer immunizations when a child is ill, failure to immunize at all well-child care visits, and inadequate knowledge of current immunization schedules may also be major reasons for missed opportunities to immunize [10] [11] [12] [13] [14] . Efforts to decrease missed opportunities that focus on changing physician knowledge have had variable success. Siegel et al. showed that, despite reporting a good knowledge of contraindications to immunization, physicians were still reluctant to administer vaccines at acute care visits when vaccination was not contraindicated [12] . Reminders have been shown to be effective at changing physician behavior. Szilagyi et al. showed that screening by nurses at the time of the visit and attaching reminder cards to the chart increased the rate of vaccine administration by providers [14] . Computer-generated reminder systems can improve the performance of practicing physicians. The most common and effective type of reminder system is a patient-specific report, which is made available to the physician at the time of an encounter. Automatic computerized reminders have increased compliance with standards, significantly reduced physician error, and improved health care outcomes [15, 16] . Our findings suggest that the number of immunization visits could be reduced by properly using all visits to administer a necessary vaccine.
Third, physicians and other health professionals may not be paying due attention to recording immunizations. Although it is possible that they do not document vaccinations, this would not explain the large differences between potential and actual immunization. It is also possible that health professionals record immunization, even when no immunizations are given. Regardless, it is important to inform health professionals of adhering to best practices in record-keeping. Monitoring missed opportunities may also be warranted.
Finally, our finding that immunization coverage was lower when facilities did not have a shortage on the day of our facility interview deserves further attention. One would expect more coverage for facilities with no shortage. However, the high coverage among facilities with shortage may indicate that facilities provide the vaccine when available but tend to run out of it. This highlights supply issues rather than errors by the medical team and needs further investigation.
Our finding of low coverage for MMR is Mesoamerica is puzzling. Indeed, with such a coverage one would expect outbreaks in the region. Therefore, it is possible that such outbreaks are not captured or herd immunity in the region may be achieved at a lower rate of coverage. It is more likely that the first is more likely. Hence, our study calls for improving the surveillance systems in place to better detect outbreaks. Covariates are adjusted to the median value across the entire sample; results represent female children age 2 years whose mothers have primary education and are literate, are age 20-34 years with 2-3 children, are homemakers, and are living in a household in the third household expenditure quintile with 23.8% of assets, a male head of household, a household size of five, in a rural area. Vertical red lines indicate the time window in which MMR was considered on time (11.5-13.5 months of age). Labeled days of observation represent the following time points: 0 days = first day that a child is eligible for MMR vaccination (11.5 months of age); 60 days = end of MMR eligibility window (13.5 months); 380 days = age 2 years; 745 days = age 3 years; 1110 days = age 4 years; 1475 days = age 5 years, the oldest age at which a child was included in the sample. doi:10.1371/journal.pone.0139680.g001 The low MMR coverage in Mexico led us to further investigation. In Mexico, the measles and rubella (MR) vaccine is recommended as a booster for children. When we combined MMR and MR, the coverage went up from 44.6% to 75.2%. Days at risk declined from 483 to 274 while potential days at risk declined from 185 to 153. This suggests that physicians provided MR in lieu of MMR when it was unavailable. In fact, 1,430 children received MR and had no record of MMR, although no clear patterns by facility were observed.
Children at risk for measles, mumps, and rubella pose a significant public health problem. Measles is an extremely contagious disease transmitted through respiratory droplets or aerosolized droplet nuclei, and the virus remains infectious within closed spaces for hours [17] . Before the introduction of an effective vaccine in 1963, all children were expected to contract the disease after the first exposure. In 1999, with 90% coverage of one dose of measles-containing vaccine by 35 months of age and the introduction of a routine two-dose schedule before school entry, only 100 cases of measles disease were recorded among children in the United States [18] .
Coverage of this nature will increase, and days at risk will decrease, if we avoid missed opportunities and administer vaccines at the required intervals [19] . Our analysis included only vaccination visits; if we used all clinic visits, the potential coverage increases would be higher and the days at risk lower [19] . Also, only children with vaccine cards were included in our measure of potential coverage; those without vaccine cards likely are unvaccinated. Table 9 . Estimates of MMR coverage among children attending health facilities based on MMR stock and ORS stock*.
Stock of MMR Provision of oral rehydration salt (ORS)
Our findings are the first representative data available on missed opportunities for vaccination in poor areas in Mesoamerica. SM2015 data and this analysis provide unique populationbased estimates of vaccination coverage against which prevention efforts may be evaluated.
As we confront the challenge of improving vaccination coverage, it is important to use all health visits to vaccinate or promote vaccination. Vaccination coverage for all antigens will increase by avoiding missed opportunities. For coverage to increase and for elimination to be achieved, a wide range of participants have to be involved, including parents, nurses, pediatricians, and other health providers. Development and implementation of effective public health strategies to limit missed opportunities for vaccination are urgently needed.
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